Oxidation of RNA precursors may disturb genetic information. In this study, the effects of oxidized RNA precursors on in vitro transcription 
Introduction
Oxidation of nucleic acids and their related compounds occurs endogenously by normal oxygen metabolism, and is also induced by many environmental mutagens and carcinogens. For these reasons, DNA oxidation seems to be a very important source of mutations as well as one of the causative factors of carcinogenesis, neurodegeneration, and aging [1] [2] [3] . In addition, the oxidation of DNA precursors in the nucleotide pool by ROS is another significant source in the mutation process. The importance of oxidized DNA precursors is highlighted by the presence of Escherichia coli MutT and its functional homologues, and by the phenotypes of mutant organisms lacking the MutT-type enzymes [ref. 4 and references therein]. The direct introduction of oxidized DNA precursors into living cells induces mutations in chromosomal genes, providing another line of evidence that they are mutagens when produced in cells [5, 6] .
RNA and its precursors are also oxidized by ROS. The oxidized RNA was reportedly implicated in several neurodegenerative diseases [7] [8] [9] [10] . Because the concentrations of RNA precursors are 0.1-3 mM in living cells and much higher than those of DNA precursors, oxidized RNA precursors may be more abundant than oxidized DNA precursors [11, 12] .
Previously, a relationship between the oxidation of an RNA precursor and 4 transcriptional errors was suggested. In the mutT strain, a protein containing an altered sequence was produced with higher frequency than that expected from the mutation frequency at the DNA level [13] . The authors of that paper concluded that an oxidized form of GTP, 8-OH-GTP (also known as 8-oxo-7,8-dihydroguanosine 5'-triphosphate), was misincorporated opposite A by RNA pol and induced translational errors, because the MutT protein hydrolyzes 8-OH-GTP to the monophosphate [13] . The findings that some MutT-type enzymes including human MTH1 protein catalyze the hydrolysis of oxidized RNA precursors suggest the importance of the hydrolytic elimination of oxidized ribonucleotides [ref. 4 and references therein]. Moreover, the yeast S-II null mutant exhibits sensitivity to oxidants and is defective in maintaining transcriptional fidelity [14] . This low transcriptional fidelity is relieved by treatment with an antioxidant, suggesting that the yeast S-II protein maintains transcriptional fidelity by enhancing the cleavage of misincorporated, oxidized ribonucleotides from nascent mRNA [14] . Thus, the formation of oxidized RNA precursors in the nucleotide pool causes disturbances in the genetic information, affecting transcription and occasionally leading to cell death. The oxidized RNAs reportedly related to several neurodegenerative diseases [7] [8] [9] [10] may be formed by incorporation of the oxidized RNA precursors.
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In this study, we focused on the effects of oxidized ribonucleotides during transcription. 8-OH-GTP and oxidized ATP, 2-OH-ATP, were chosen as representative oxidized ribonucleoside 5'-triphosphates, because they are produced as the major products in in vitro oxidation reactions of GTP and ATP, respectively [15] . We found that the presence of 8-OH-GTP and 2-OH-ATP reduced the amounts of full-length mRNA in transcription.
In addition, the two oxidized RNA precursors induced mispair formation.
These results suggest the biological effects of the two damaged ribonucleotides.
Materials and Methods

Materials
T7 RNA polymerase and ribonuclease inhibitor were purchased from Takara (Kusatsu, Japan). The pTENHES plasmid [16] was amplified in the E. coli strain DH5α and was purified with a Qiagen (Hilden, Germany) EndoFree Plasmid Mega kit. 8-OH-GTP and 2-OH-ATP were prepared by oxidation of GTP and ATP, respectively, as described previously [15] . The purities of 8-OH-GTP and 2-OH-ATP were both estimated to be more than 99% by analysis with HPLC (data not shown). The unmodified ribonucleoside 5'-triphosphates, Cy5-UTP, and Cy3-UTP were from GE Healthcare Bio-Sciences (Piscataway, NJ). Purified oligonucleotides were from Sigma Genosys Japan (Ishikari, Japan).
In vitro transcription
The pTENHES plasmid was digested with ScaI to produce a 
RT-PCR and sequence analysis
First-strand cDNA synthesis was performed on the purified mRNA The nucleotide sequences were analyzed by sequencing using an ABI PRISM Big Dye Terminator Cycle Sequencing Kit and an ABI model 377 DNA sequencer (Applera, Norwalk, CT).
8-OH-Guo determination by HPLC
The mRNAs obtained in the presence of 8-OH-GTP were purified as described above, and then were treated with nuclease P1 and calf intestine alkaline phosphatase. The amount of 8-OH-Guo was determined by HPLC, essentially as described previously [17] . Namely, the nucleoside solution was filtered through an Ultrafree-Probind filter (Millipore, Bedford, MA). The filtrate was then injected into a HPLC column (Capcellpak C18 MG, 4.6 X 250 mm, 5 µm, Shiseido Fine Chemicals, Tokyo, Japan) equipped with UV (UV-8020, Tosoh, Tokyo, Japan) and electrochemical (ECD-300, Eicom, Kyoto, Japan) detectors. The mobile phase consisted of 8% methanol, 10 mM NaH 2 PO 4 and 50 mg/l EDTA•2Na was used for elution at a flow rate of 1.0 ml/min. The effluent was monitored by UV absorption at 260 nm for guanosine and by electrochemical response (applied voltage, 550 mV) for 8-OH-Guo. The 
Results
Reduced mRNA production in the presence of oxidized ribonucleotides
We first examined the effects of 8-OH-GTP and 2-OH-ATP on the yield of mRNA produced in the in vitro transcription reactions. T7 RNA pol was used as a model RNA pol, due to its strong enzymatic activity ( (Table 1 ). In the presence of 1 and 2 mM 10 8-OH-GTP, the amounts of the mRNA were 55% and 16%, respectively, of that in the absence of 8-OH-GTP. Likewise, 2-OH-ATP decreased the amount of the mRNAs produced in the in vitro transcription reaction (Table 1) . One and 2 mM 2-OH-ATP reduced the yield of the mRNA by 50% and 75%, respectively. This reduction in the amounts of the mRNA, at least qualitatively, was not due to artifacts derived from competition between a fluorescent UTP analog and an oxidized ribonucleotide, because the full-length transcripts, obtained in the transcription reactions without a fluorescent UTP analog, were also decreased when the gel was stained with SYBR-Gold (data not shown). Similar decreases in the mRNA yield were observed when the unmodified and oxidized ribonucleotides were each added at a concentration of 0.5 mM ( Table 1) .
Detection of 8-OH-Guo in mRNA
We next examined whether an oxidized RNA precursor was actually incorporated into the transcript. Since the 8-OH-Gua nucleoside can be detected with high sensitivity by HPLC-ECD [18] , we analyzed the mRNA obtained in the presence of 2 mM 8-OH-GTP by this method. The purified mRNA was treated with nuclease P1 and calf intestine alkaline phosphatase, and the nucleosides were analyzed by HPLC-ECD. 
Mispair formation during transcription and reverse transcription
We next examined qualitative alteration of the mRNA. We All of the mutations detected in these experiments were substitutions. Here, we describe the sequence changes in the sense strand, which corresponds to the mRNA sequence (Table 2 ). In the case of Table 2 ).
The distributions of the mutations induced by 8-OH-GTP and 2-OH-ATP are shown in Table 3 and Fig. S1 . The mutations caused by 8-OH-GTP were uniformly located, and no major mutational hotspot was observed. In the case of 2-OH-ATP, the same two mutations were found at three sites. However, the conclusion that 2-OH-ATP induced the TC mutations seems to be relevant, since TC mutations were found at four sites.
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Discussion
The objective of this study was to examine the effects of oxidized ribonucleotides on the quantity as well as the quality of mRNA, because oxidized ribonucleotides have been suggested to be involved in transcriptional (and translational) errors and cell death [13, 14] . We found that 8-OH-GTP and 2-OH-ATP reduced the production of the full-length mRNAs (Table 1) . One possible explanation is that the incorporation of the oxidized ribonucleotides and/or the elongation from the 3'-terminal, incorporated oxidized ribonucleotide is inefficient, resulting in truncated mRNA production. In the presence of 2 mM 8-OH-GTP and 2-OH-ATP, the yields of the full-length transcript were ~20% (Table 1) . Even if 8-OH-GTP was incorporated only opposite C, ~250 kinds of truncated products could be present. However, we did not detect the putative truncated products on the gel visualized by a fluorescent nucleotide (Table   1) or SYBR-Gold staining (data not shown). Although it is difficult to detect short RNA fragments by either the incorporated fluorescent nucleotide or staining with SYBR-Gold (because longer RNA fragments contain more fluorescent nucleotides or bind higher amounts of the dye), this explanation seems to be unsatisfactory for the ~80% reduction in the Table 1 , the effects of
8-OH-GTP and 2-OH-ATP on the reduction in the full-length products
were slightly different when they were present in 0.50 mM concentration.
This may be due to differences in the degrees of the two inhibitory effects of 8-OH-GTP and 2-OH-ATP.
8-OH-GTP induced TG mutations during transcription and
reverse transcription ( Table 2 ). The TG mutations seemed to be caused by the incorporation of 8-OH-GTP opposite A in the template DNA by T7
RNA pol ( Fig. 2A) . When dCTP was incorporated opposite the incorporated 8-OH-Gua residue in RNA during the reverse transcription, the A base at the original position was converted to the C base (the AC mutation in the antisense strand is equivalent to the TG mutation in the sense strand). This result agrees with the finding that E. coli RNA pol 8-OH-GTP also induced TC mutations (Table 1 ). This type of mutation is explained by the incorporation of 8-OH-GTP opposite A by T7
RNA pol and the subsequent insertion of dGTP opposite the incorporated 8-OH-Gua residue by AMV RT (Fig. 2B ).
2-OH-ATP also caused TC mutations ( Table 1) . As with 8-OH-GTP, this type of mutation is explained by the incorporation of 2-OH-ATP opposite A by T7 RNA pol and the subsequent insertion of dGTP opposite the incorporated 2-OH-Ade residue by AMV RT (Fig. 2C ).
2-OH-Ade reportedly can pair with any of the four unmodified bases [25, 26] . This result is in contrast to those reported by Bukowska and Kuśmierek, who found that deoxyribonucleotides other than dTTP were incorporated opposite 2-OH-Ade in RNA at only a low level, if any, by AMV RT [27] . We cannot account for this discrepancy at this moment.
However, they used copolymers including 2-OH-Ade as templates.
Misincorporation opposite 2-OH-Ade in RNA might occur in a sequence context-dependent manner. Although the mutation frequencies in the presence and absence of 2-OH-ATP differed by only two-fold (Table 2) , the mutations found in the control (without 2-OH-ATP) experiment were expected to occur upon transcription-reverse transcription and/or during PCR. The error rate of T7 RNA pol is 3-5 X 10 -5 [28, 29] . On the other hand, the error rate of AMV RT on an RNA template is ~1.5 X 10 -4 [30] . In the control experiment, three mutations were found in the 17 colonies examined. Since we analyzed a region of 1133 bp per colony, the mutation frequency was calculated to be 1.6 X 10 -4
. Judging from the reported error frequencies, the mutations found in the control experiment could occur in the reverse transcription, although no information on the fidelity of the DNA pol used in PCR is available. In the 2-OH-ATP experiment, the mutation frequency was calculated to be 3.4 X 10 -4
. Thus, 2-OH-ATP seemed to enhance mutations in transcription-reverse transcription.
As described above, 8-OH-GTP and 2-OH-ATP might bind to T7
RNA pol and change its conformation. It is conceivable that the RNA pol with an altered conformation is error-prone and inserts unmodified ribonucleotides opposite incorrect bases during transcription. This is another possible mechanism for the mutations detected in the DNA after reverse transcription and PCR.
Although we used T7 phage RNA pol as a model RNA pol in this study, the incorporation of 8-OH-GTP is not specific for the phage RNA pol. E. coli RNA pol incorporates 8-OH-GTP into E. coli DNA and 18 poly(dA-dT) [13] . Calf thymus RNA pol II incorporates 8-OH-GTP into calf thymus DNA [31] . Thus, the effects of 8-OH-GTP observed in this study are also expected to be relevant for prokaryotic and eukaryotic RNA pols. Switzer et al. reported that T7 RNA pol incorporated 2-OH-ATP opposite an unnatural base, isocytosine [32] . They did not examine whether 2-OH-ATP was inserted opposite T, although they found that T7 RNA pol incorporated UTP opposite 2-OH-Ade in DNA. Since the corresponding DNA precursor, 2-hydroxy-dATP, is inserted opposite T and other bases in DNA templates by prokaryotic and eukaryotic DNA pols [32] [33] [34] , it seems valid to speculate that 2-OH-ATP is also incorporated into RNA by prokaryotic and eukaryotic RNA pols. In addition, T7 RNA pol has been used as a model enzyme in the transcription experiments using DNA lesions, including 8-OH-Gua [28, [35] [36] [37] [38] , and similar results may be obtained when prokaryotic and eukaryotic RNA pols are employed in the transcription experiments with 8-OH-GTP and 2-OH-ATP.
We used 2-OH-ATP as one of the oxidized ribonucleoside 5'-triphosphates in this study. 2-OH-ATP is produced as the major product in in vitro oxidation reaction of ATP using Fe-EDTA [15] . In addition, formation of 2-OH-Ade in cellular DNA has been reported by gas chromatography-mass spectrometry [25] . In contrast, the possibility that 2-OH-Ade is a minor oxidation product was pointed out [39] . However, 19 biological significance of 2-OH-Ade nucleotides is suggested by the facts that it is formed by in in vitro oxidation reaction using Fe-nitrilotriacetate, a renal carcinogen [25] and that G:CT:A mutations, one of the major spontaneous mutations in sodAB/fur E. coli cells lacking in both superoxide dismutases and repressor of iron uptake, seem to be caused by 2-hydroxy-dATP [40] . Moreover, mutant mouse MUTYH with G365D amino acid substitution, corresponding to a G382D germline mutation of human MUTYH found in familial adenomatous polyposis patients, almost completely retains its DNA glycosylase activity excising Ade opposite 8-OH-Gua and possesses 1.5% of the wild-type activity excising 2-OH-Ade opposite G [41] . Thus, 2-OH-ATP may be formed in the nucleotide pool.
Negishi and collaborators reported that ribonucleotide analogs with ambiguous base pairing properties caused mutations in reverse transcription [42, 43] . This type of ribonucleotide analog may be a useful inducer of lethal mutagenesis or error catastrophe, and thus serve as an antiviral drug [42] [43] [44] [45] . Since 8-OH-GTP and 2-OH-ATP caused mutations in transcription-reverse transcription, these oxidized ribonucleotides are also candidates for this type of antiviral drug.
In this study, we found that 8-OH-ATP and 2-OH-ATP suppressed the production of full-length mRNA and that these oxidized RNA 
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